Introduction
============

Stimuli-responsive hydrogels attract growing interest as functional materials for sensing,[@cit1] controlled drug release,[@cit2] tissue engineering,[@cit3] self-healing of hydrogels,[@cit4] and switchable or robotic applications.[@cit5],[@cit6] Different triggers, such as temperature,[@cit7]--[@cit10] pH,[@cit11]--[@cit14] chemical agents,[@cit15] light,[@cit16] electrical fields,[@cit17] magnetic fields[@cit18],[@cit19] and ultrasound irradiation[@cit20],[@cit21] were used to reversibly switch between hydrogel and solid or hydrogel and liquid phases. For example, *trans*-azobenzene-modified polyacrylamide chains and β-cyclodextrin-functionalized polyacrylamide chains form a hydrogel by the crosslinking of the polymers by *trans*-azobenzene/β-cyclodextrin supramolecular complexes.[@cit22] Photoisomerization of the *trans*-azobenzene units to *cis*-azobenzene units, that lack binding affinity toward the β-cyclodextrin receptor sites, leads to the separation of the crosslinking units and to the transition of the hydrogel into a polymer solution phase. Within the family of stimuli-responsive polymers, nucleic acid-based hydrogels represent an important class of materials.[@cit23],[@cit24] The reversible reconfiguration of nucleic acid structures by a variety of triggers/counter-triggers, such as the separation of nucleic acid duplexes by fuel strands and the reformation of the duplexes by anti-fuel strands, using the strand displacement process,[@cit25] the pH-stimulated formation or dissociation of i-motif[@cit12],[@cit26],[@cit27] or triplex DNA nanostructures,[@cit28] the reversible K^+^-ions-stimulated formation of G-quadruplexes and their separation in the presence of crown ether,[@cit29] the bridging of duplex nucleic acids by C--Ag^+^--C or T--Hg^2+^--T bridges and their separation by metal-ion-binding ligands, *e.g.*, cysteine,[@cit30] and the switchable stabilization of duplex nucleic acids by *trans*-azobenzene units and their separation upon photoisomerization of the intercalated *trans*-azobenzene units to *cis*-azobenzene,[@cit31] provide a rich "tool-box" of structural motifs to construct stimuli-responsive DNA-based hydrogels. Indeed, stimuli-responsive nucleic acid-based hydrogels undergoing reversible gel-to-solution transitions using pH,[@cit32] metal-ion/ligand,[@cit26] K^+^-stabilized G-quadruplex/crown ether[@cit29] and the photoisomerization of azobenzene units were reported.[@cit31],[@cit33]--[@cit36] Different applications of nucleic acid-based hydrogels in solution and on surfaces were suggested,[@cit37],[@cit38] including controlled drug release,[@cit28] switchable transport through pores,[@cit39] switchable catalysis and sensing.[@cit38]--[@cit41]

In addition, the constructions of signal-triggered DNA-based hydrogels that reveal controlled stiffness functions were demonstrated. In these systems the hydrogel is cooperatively stabilized by nucleic acid duplex and reconfigurable crosslinking units, *e.g.*, duplex nucleic acids,[@cit42] pH-responsive bridges[@cit26] or G-quadruplex crosslinkers.[@cit42] The triggered separation of the pH-responsive crosslinkers or G-quadruplex bridging units led to a hydrogel of lower stiffness. Such hydrogels were suggested as stimuli-responsive membranes for the release of drugs from nanoparticle carriers.[@cit43],[@cit44]

One interesting application of stimuli-responsive DNA-based hydrogels involves the development of shape-memory hydrogels. Shape-memory polymers represent an interesting class of "smart materials" that undergo, in the presence of an auxiliary trigger, a shape transition into a temporary shape that includes a "code" (memory) to restore the original shape of the material upon applying a counter trigger.[@cit45]--[@cit48] The ability to control the stiffness of DNA-based hydrogels by the cooperative stabilization of the hydrogel with duplex nucleic acid bridges and stimuli-responsive reconfigurable crosslinking units provide a versatile means to assemble shape-memory DNA-based hydrogels. In these systems, the shaped and high-stiffness hydrogel crosslinked by the duplex nucleic acid bridges and the signal-responsive reconfigurable crosslinking units is subjected to a trigger that dissociates the latter bridging units. This results in a shapeless hydrogel of quasi-liquid and low-stiffness properties. The remaining duplex crosslinkers provide, however, a permanent code (of chain entanglement) for the restoration of the original shape, in the presence of the appropriate counter-trigger. Indeed, DNA hydrogels bridged by duplex nucleic acids and pH-responsive crosslinking units[@cit32] or duplex nucleic acid bridges and reconfigurable G-quadruplex linkers demonstrated shape-memory functions.[@cit42] Different applications of shape-memory hydrogels were suggested, including their use for the encryption and storage of information, the modulation of bilayer DNA hydrogel structures by stress interactions,[@cit49] and their use as sensing materials.

The self-healing of hydrogels is a further possible pathway to use stimuli-responsive soft materials. Particularly, hydrogels crosslinked by cooperative bridges may lead to "healed" hydrogels by the conjugation of quasi-liquid soft matrices crosslinked by one type of bridging units, followed by the triggered rigidification of the matrix by the second bridging element.[@cit50] Different triggers were used to induce self-healing of polymer matrices including supramolecular complexes,[@cit51] H-bonds,[@cit52] light[@cit53] and more. Different uses of the self-healing process of hydrogels in tissue engineering and tissue repair were suggested.[@cit54] The use of stimuli-responsive shape-memory hydrogel matrices consisting of two types of nucleic acid bridges, *e.g.*, duplex nucleic acids and signal-reconfigurable crosslinking units represents, however, a disadvantage. The duplex nucleic acid crosslinking units that act as "memory" elements that entangle the polymer chains in the quasi-liquid reveal limited stability. The thermally equilibrated opening of the duplex nucleic acid bridges is a "memory destructive" path that limits the switchable recovery of the hydrogel shapes. This calls for the development of other hybrid DNA hydrogels, where chemical crosslinkers, other than duplex nucleic acids, act as memory elements.

In the present study, we introduce a new class of hybrid nucleic acid-based polyacrylamide hydrogels that reveal shape-memory and self-healing functionalities. Two hydrogels are presented in the study: one hydrogel is stabilized by cooperative glucosamine--boronate ester[@cit55],[@cit56] crosslinking units and reconfigurable K^+^-ion-stabilized G-quadruplex bridges. The second hydrogel is cooperatively stabilized by the glucosamine--boronate ester bridges and photoresponsive nucleic acid units that undergo light-induced formation or separation of duplex units (DNA "gear"). The study paves the way to apply the glucosamine--boronate ester bridging units and other reconfigurable nucleic acid crosslinkers to design hydrogels of controlled stiffness that reveal shape-memory and self-healing functions. In addition, the control over the stiffness properties of the hydrogel is used to develop signal-triggered matrices for the controlled release of drugs.

Results and discussion
======================

The first hybrid hydrogel system is depicted in [Fig. 1](#fig1){ref-type="fig"}. The polyacrylamide chains P~A~ and P~B~ were modified with the phenylboronic acid ligand and glucosamine, respectively, and with the guanosine-rich nucleic acid tethers (**1**), where the tethers (**1**) are subunits that, under appropriate conditions, self-assemble into a G-quadruplex. The average molecular weight and loading of the polymer chains P~A~ with the boronic acid ligand and tether (**1**) were evaluated by NMR and absorption spectroscopy to be MW ∼ 110 000 Da, loading degree of the boronic acid ligand/acrylamide units = 1 : 40 and nucleotide tether (**1**)/acrylamide units = 1 : 44 (see ESI, Fig. S1[†](#fn1){ref-type="fn"} and the accompanying discussion). Similarly, the molecular weight of polymer P~B~ was evaluated to be MW ∼ 137 000 Da and the loading of the glucosamine units and of the tether (**1**) corresponded to 1 : 12 and 1 : 12, with respect to the acrylamide monomers associated with the polymer P~B~ (see ESI, Fig. S2[†](#fn1){ref-type="fn"} and the accompanying discussion). Mixing of the two polymers leads to the formation of a hydrogel due to the crosslinking of the polymer chains by glucosamine--boronate ester bridges ([Fig. 1A](#fig1){ref-type="fig"}). Rheometry characterization of the resulting hydrogel indicated the formation of a hydrogel of low stiffness (*G*′ ≈ 27 Pa, curve (a), and *G*′′ ≈ 1 Pa, curve (a′), in [Fig. 1B](#fig1){ref-type="fig"}). Treatment of the resulting hydrogel with K^+^-ions resulted in the additional crosslinking of the polymer chains by K^+^-ion-stabilized G-quadruplexes. The cooperative crosslinking of the hydrogel by the glucosamine--boronate ester units and the K^+^-ion-stabilized G-quadruplexes yields a hydrogel of enhanced stiffness (*G*′ ≈ 72 Pa, curve (b), and *G*′′ ≈ 16 Pa, curve (b′), [Fig. 1B](#fig1){ref-type="fig"}). Subjecting the resulting hydrogel to reaction with crown ether resulted in the elimination of the K^+^-ions from the G-quadruplex bridges, and the separation of the G-quadruplex bridging units. The separation of the G-quadruplex crosslinking units leads to a hydrogel of low stiffness (*G*′ ≈ 34 Pa, curve (c) and *G*′′ ≈ 3 Pa, curve (c′), [Fig. 1B](#fig1){ref-type="fig"}). By the cyclic treatment of the hydrogel with K^+^-ions and crown ether, the hydrogel is reversibly switched between high and low stiffness properties, [Fig. 1C](#fig1){ref-type="fig"}. The control over the stiffness properties of the glucosamine--boronate ester cooperatively crosslinked by the K^+^-ion-stabilized G-quadruplex units, and by the crown ether-stimulated separation of the G-quadruplex units was further supported by micro-indentation experiments. The G-quadruplex-stabilized hydrogel revealed an effective Young\'s modulus of 14.9 ± 0.1 kPa, and the crown ether-separated G-quadruplex showed an effective Young\'s modulus of 6.4 ± 0.1 kPa. Scanning electron microscopy (SEM) images further supported the switchable stiffness properties of the hydrogel.[@cit57][Fig. 1D](#fig1){ref-type="fig"}, panel (i), shows the SEM image of the quasi-liquid hydrogel crosslinked by the boronate ester bridges. The hydrogel includes large pores, suggesting the low degree of crosslinking. [Fig. 1D](#fig1){ref-type="fig"}, panels (ii) and (iii) show the SEM images upon the reversible transition of the hydrogel between the stiff state crosslinked by the boronate ester units and the K^+^-ion-stabilized G-quadruplexes and the quasi-liquid hydrogel crosslinked by the boronate ester crosslinkers. While the stiff hydrogel consists of a dense small-pore matrix consistent with a high degree of crosslinking, panel (ii), the crown ether-stimulated dissociation of the G-quadruplexes yields the quasi-liquid state that reveals large pores, implying low stiffness, panel (iii).

![(A) Schematic synthesis of polyacrylamide hydrogel crosslinked by glucosamine--boronate esters and K^+^-ion-stabilized G-quadruplexes as crosslinking units. The cyclic and reversible separation of the G-quadruplex by 18-crown-6-ether and the reformation of the K^+^-ion-stabilized G-quadruplex shifts the hydrogel between low stiffness and high stiffness states, respectively. (B) Rheometry features of the K^+^-ion/crown ether-triggered hydrogels: (a) and (a′) correspond to the storage modulus, *G*′, and loss modulus, *G*′′, of the as-prepared glucosamine--boronate ester crosslinked hydrogel. (b) and (b′) correspond to the *G*′ and *G*′′ values of the stiff hydrogel crosslinked by the glucosamine--boronate ester and K^+^-ion-stabilized G-quadruplex as crosslinkers. (c) and (c′) correspond to the *G*′ and *G*′′ values of the low-stiffness hydrogel generated by the treatment of the stiff hydrogel with 18-crown-6-ether (CE) that separates the G-quadruplex crosslinkers. (C) Cyclic and reversible *G*′/*G*′′ values of the high-stiffness and low-stiffness hydrogels, generated in the presence of K^+^-ion and CE, respectively. (D) SEM images corresponding to: panel (i) -- the low stiffness hydrogel crosslinked by the glucosamine--boronate ester bridges only. Panels (ii) and (iii) -- typical SEM images of the hydrogel shifted between the high stiffness, in the presence of K^+^-ions, and low stiffness, in the presence of CE, respectively.](c8sc04292f-f1){#fig1}

The K^+^-ion/crown ether-stimulated stiffness properties of the hydrogel were then used to demonstrate shape-memory and self-healing functions of the hydrogel. The shape-memory properties of the hydrogel, are shown in [Fig. 2A](#fig2){ref-type="fig"}. The hydrogel in its high-stiffness state, cooperatively stabilized by the glucosamine--boronate ester groups and by the K^+^-stabilized G-quadruplex crosslinkers, was prepared in a triangle-shaped Teflon mold. The extruded triangle-shaped hydrogel, state "I", was then subjected to cyclic interactions with crown ether and K^+^-ions. In the presence of crown ether, the triangle-shaped hydrogel was converted into a shapeless and quasi-liquid state, state "II". The glucosamine--boronate ester bridges provide, however, an "internal permanent memory" to restore the triangle-shape. The glucosamine--boronate ester bridges entangle the polymer chains, and retain the tethers (**1**) in spatial orientations to regenerate the stiff, triangle-shaped hydrogel, upon the addition of K^+^-ions. By the cyclic addition of K^+^-ions and crown ether, the hydrogel was reversibly switched between the triangle-shaped hydrogel and the quasi-liquid hydrogel that lacks a defined shape. It should be noted that the spatial organization of the nucleic acid tethers by the glucosamine--boronate ester bridges, acting as permanent memory by the entanglement of the crosslinked polymer chains, is supported by the effect of temperature on the shape-memory properties of the hydrogel. The hydrogel with switchable and reversible shape recovery properties can be recycled at room-temperature (25 °C) for at least eight cycles. Nonetheless, heating the hydrogel to 35--38 °C adversely affects the shape-memory properties of the hydrogel, and the addition of K^+^-ions to the low-stiffness hydrogel restores only partially the triangle-shaped structure after two K^+^/crown ether cycles, with constant degradation of the shape-recovery properties upon increasing the number of shape regeneration cycles. That is, the thermally induced Brownian motion of the polymer chains in the low stiffness hydrogel perturbs the memory code embedded in the entangled chains, leading to the perturbation of the shape recovery properties of the hydrogel. In addition, the cooperative stabilization of the hydrogel by the glucosamine--boronate ester and G-quadruplex bridges was used to develop a self-healing mechanism of the hydrogel, [Fig. 2B](#fig2){ref-type="fig"}. The hydrogel stabilized by the two crosslinking motifs was prepared as a square-shaped hydrogel, and the extruded hydrogel was cut into two pieces. The two pieces were physically attached and subjected to reaction with crown ether to dissociate the G-quadruplex and form the quasi-liquid hydrogel parts that include the glucosamine--boronate ester ligand as the permanent crosslinking element. Subsequently, the interconnected hydrogel matrix was treated with K^+^-ions for a time-interval of 1 hour. The hydrogel recovered to the non-separable, square-shaped hydrogel, [Fig. 2B](#fig2){ref-type="fig"}, indicating that the cooperative formation of the G-quadruplex provided a self-healing path. In a control experiment, the physically interconnected hydrogel pieces remained in the quasi-liquid state for a time-interval of 1 hour, yet the process did not yield a healed hydrogel, and the two hydrogel pieces were separated upon gentle shaking, Fig. S3.[†](#fn1){ref-type="fn"} Furthermore, the shaking of the two quasi-liquid hydrogel pieces led to the labile interconnection of the pieces, and these were subsequently healed in the presence of K^+^-ions. Nonetheless, the time-interval to reach the interconnected pieces varied from sample-to-sample.

![(A) Schematic shape-memory transitions between the triangle-shaped stiff hydrogel crosslinked by the glucosamine--boronate esters and the K^+^-stabilized G-quadruplexes and the crown ether-induced transition of the shaped hydrogel to a low-stiffness, quasi-liquid, shapeless hydrogel that includes the glucosamine--boronate ester as the permanent bridging memory-code. Images at the bottom show the reversible shape transitions between the stiff shaped hydrogel, state "I", and the low-stiffness, shapeless hydrogel, state "II". (B) Schematic self-healing of two low-stiffness hydrogel pieces into an integrated and non-separable hydrogel crosslinked by the glucosamine--boronate ester and the K^+^-stabilized G-quadruplex crosslinkers. Bottom part shows the images of the stepwise self-healing process.](c8sc04292f-f2){#fig2}

The second class of stimuli-responsive boronate ester-crosslinked hydrogels has involved the use of light as the stiffness controlling trigger. The synthesis and characterization of the photoresponsive boronate ester bridged hydrogel are presented in [Fig. 3](#fig3){ref-type="fig"}, S4 and S5.[†](#fn1){ref-type="fn"} Two polyacrylamide chains P~C~ and P~D~ were functionalized with the phenylboronic acid ligand and glucosamine, respectively. The polymer chain P~C~ was modified with the nucleic acid tether (**2**), and the polymer chain P~D~ was functionalized with the nucleic acid tether (**3**). The average molecular weights of polymers P~C~ and P~D~ were evaluated by NMR spectroscopy, and these corresponded to 140 000 Da and 200 000 Da, respectively (see ESI, Fig. S4 and S5[†](#fn1){ref-type="fn"}). The loading of the boronic acid ligand and tether (**2**) was evaluated by NMR and absorption spectroscopy to be 1 : 46 and 1 : 81 relative to the acrylamide monomer residues. Also, the loading of glucosamine and of tether (**3**), associated with polymer P~D~, corresponded to 1 : 13 and 1 : 98 relative to the acrylamide residues (see ESI, Fig. S4 and S5[†](#fn1){ref-type="fn"}). The nucleic acid tethers (**2**) and (**3**) linked to the polymer chains P~C~ and P~D~, respectively, were further hybridized with the single strand (**4**) and the *trans*-azobenzene-functionalized strand (**5**), respectively. The strands (**4**) and (**5**) include complementary single-strand domains, where the domain "GGT AAC AA" of (**4**) hybridizes with the azobenzene-modified single strand domain, where the eight-base (relatively unstable) duplex is cooperatively stabilized by the *trans*-azobenzene units that intercalate into the (**4**)/(**5**) duplex domain. The crosslinking of the tethers (**3**) and (**2**)--(**4**) by the photo-responsive strand *t*-azo (**5**) results in the cooperative stabilization of a stiff hydrogel bridged by the glucosamine--boronate ester bridges and the photo-responsive (**2**)--(**4**)/(**3**)-*t*-azo (**5**) DNA units. The mechanism for the photo-stimulated control of the stiffness of the hydrogel is shown in [Fig. 3A](#fig3){ref-type="fig"}. The photoisomerization of the *trans*-azobenzene units to the *cis*-azobenzene units (*λ* = 365 nm), that lack affinity toward the duplex nucleic acids, results in the dissociation of the duplex region between the photoactive domain associated with *c*-azo (**5**) and the domain "GGT AAC AA" being a part of tether (**4**). The separation of the duplex leads to a hydrogel of lower stiffness that is crosslinked by the glucosamine--boronate ester bridges only. Photoisomerization of the *cis*-azobenzene unit to the *trans*-azobenzene state (*λ* \> 420 nm) restores the stiff hydrogel that is cooperatively stabilized by the two crosslinking motifs. By the reversible photoisomerization of the azobenzene photoactive groups between the *trans* and *cis* states, the photoactive bridges are switched between a "locked" and an "unlocked" configuration, leading to the formation of a hydrogel of higher and lower stiffness, respectively. [Fig. 3B](#fig3){ref-type="fig"} shows the rheometry features of the hydrogel. The hydrogel that is cooperatively stabilized by the glucosamine--boronate ester bridges and the *trans*-azobenzene (**2**)--(**4**)/(**3**)-*t*-azo (**5**) units reveals high stiffness (*G*′ ≈ 65 Pa, curve (a), and *G*′′ ≈ 11 Pa, curve (a′), in [Fig. 3B](#fig3){ref-type="fig"}). Photoisomerization of the *trans*-azobenzene (*t*-azo) (**5**) to the *cis*-azobenzene (*c*-azo) (**5**) (*λ* = 365 nm) results in hydrogel of lower stiffness due to the unlocking of the (**3**)-*c*-azo (**5**) and (**2**)--(**4**) crosslinking duplex, *G*′ ≈ 26 Pa, curve (b), and *G*′′ ≈ 2 Pa, curve (b′), in [Fig. 3B](#fig3){ref-type="fig"}. By the cyclic photoisomerization of the azobenzene modified (**5**) between the *trans* and *cis* states, the hydrogel undergoes reversible light-induced transitions between high and low stiffness states, respectively, [Fig. 3C](#fig3){ref-type="fig"}. The light-stimulated stiffness transitions of the hydrogel were further supported by micro-indentation experiments. The effective Young\'s modulus of the cooperatively crosslinked glucosamine--boronate ester bridges and the *trans*-azobenzene bridged duplexes (**2**)--(**4**)/(**3**)-*t*-azo (**5**) corresponded to 13.8 ± 0.2 kPa. In turn, the hydrogel crosslinked by the glucosamine--boronate ester units, in the presence of the *cis*-azobenzene (**3**)-*c*-azo (**5**) and (**2**)--(**4**) non-hybridized bridges, revealed an effective Young\'s modulus of only 5.4 ± 0.2 kPa. The photoinduced control over the stiffness properties of the hydrogel was further supported by SEM imaging of the hydrogel in the different states, [Fig. 3D](#fig3){ref-type="fig"}. The SEM image of the hydrogel bridged by the two crosslinking motifs, *e.g.*, the glucosamine--boronate ester supramolecular complex and the *trans*-azobenzene-stabilized duplexes (**4**)/*t*-azo (**5**) is shown in panel (I). A matrix consisting of dense small pores is observed, consistent with a high degree of crosslinking. Panel (II) shows the SEM image of the hydrogel of lower stiffness that is formed upon the photoisomerization of the *trans*-azobenzene units to the *cis*-azobenzene units (*λ* = 365 nm) that leads to the separation of the (**4**)/(**5**) duplexes and to a hydrogel crosslinked only by the glucosamine--boronate ester bridges. A matrix with large pores is observed, consistent with the formation of a hydrogel of lower stiffness.

![(A) Schematic design of a photoresponsive hydrogel that undergoes cyclic and reversible photoinduced transitions between a hydrogel of high stiffness and low stiffness, respectively. The stiff hydrogel is crosslinked by glucosamine--boronate ester bridges and duplex nucleic acids composed of the (**2**)--(**4**) and (**3**)-*trans*-azobenzene (**5**) (*t*-azo (**5**)). Photoisomerization of the *t*-azo (**5**) units to *c*-azo (**5**) (*λ* = 365 nm) leads to the separation of the nucleic acid duplexes, and to the formation of a low-stiffness hydrogel. The reverse photoisomerization of *c*-azo (**5**) (*λ* \> 420 nm) restores the high-stiffness hydrogel. (B) Rheometry experiments that follow the photochemically generated hydrogels of high and low stiffness: (a) and (a′) correspond to the *G*′ and *G*′′ values of the stiff hydrogel crosslinked by the glucosamine--boronate esters and the (**2**)--(**4**)/(**3**)-*t*-azo (**5**) duplexes. (b) and (b′) correspond to the *G*′ and *G*′′ values of the photogenerated low-stiffness hydrogel crosslinked by the glucosamine--boronate ester only and unlocked (**2**)--(**4**) and (**3**)-*c*-azo (**5**). (C) Cyclic and reversible photoinduced *G*′/*G*′′ values of the stiff hydrogel crosslinked by the glucosamine--boronate ester bridges and (**2**)--(**4**) and (**3**)-*t*-azo (**5**) crosslinkers, and the low-stiffness hydrogel crosslinked by only the glucosamine--boronate ester crosslinking units. (D) SEM images corresponding to the photo-induced reversible transitions of the stiff hydrogel crosslinked by the glucosamine--boronate ester bridges and (**2**)--(**4**) and (**3**)-*t*-azo (**5**), crosslinkers, panel (I), and the low stiffness hydrogel crosslinked by the glucosamine--boronate ester only and unlocked (**2**)--(**4**) and (**3**)-*c*-azo (**5**), panel (II).](c8sc04292f-f3){#fig3}

The photoresponsive hydrogel shown in [Fig. 3A](#fig3){ref-type="fig"} was then applied to develop shape-memory and self-healing soft material matrices. The stiff hydrogel crosslinked by the glucosamine--boronate ester and the *trans*-azobenzene (**2**)--(**4**)/(**3**)-*t*-azo (**5**) was prepared in a Teflon mold in the form of a triangle-shaped structure. The extruded, triangle-shaped hydrogel, state "A", was subjected to the light-induced isomerization of the *trans*-azobenzene units to *cis*-azobenzene (**5**) state (*λ* = 365 nm). Unlocking of the (**2**)--(**4**)/(**3**)-*t*-azo (**5**) bridges resulted in the formation of the low stiffness, quasi-liquid hydrogel that lost the triangle-shape, [Fig. 4A](#fig4){ref-type="fig"}, state "B". Irradiation of the shapeless hydrogel, state "B", with visible light (*λ* \> 420 nm) regenerated *trans*-azobenzene **(5)** units that cooperatively locked the *trans*-azobenzene (**2**)--(**4**)/(**3**)-*t*-azo (**5**) bridges. This process restored the triangle-shaped hydrogel, state "A", demonstrating that the glucosamine--boronate ester bridges provide an internal permanent memory for re-shaping the hydrogel. That is, the entanglement of the polymer by means of the glucosamine--boronate ester supramolecular bridges confined the unlocked photo-responsive units to a spatial configuration that allowed, upon irradiation, the locking of the *trans*-azobenzene (**2**)--(**4**)/(**3**)-*t*-azo (**5**) units and the re-shaping of the hydrogel.

![(A) Schematic light-induced shape-memory transitions between the triangle-shaped, high-stiffness hydrogel crosslinked by glucosamine--boronate ester bridges and *trans*-azobenzene stabilized duplex crosslinkers, and the low-stiffness hydrogel crosslinked by the glucosamine--boronate esters only (the duplex bridges are separated through the photoisomerization of the *trans*-azobenzene units to the *cis*-azobenzene states). The glucosamine--boronate ester bridges provide the memory code to regenerate the high-stiffness hydrogel, by the photoisomerization of the *cis*-azobenzene units to the *trans*-azobenzene states. Bottom: images corresponding to the reversible and cyclic transitions between the triangle-shaped, stiff hydrogel in state "A" and the quasi-liquid, lower-stiffness, shapeless hydrogel in state "B" upon the photoinduced cyclic transitions between the *trans*-azobenzene and *cis*-azobenzene tethers conjugated to the polymer chains. (B) Schematic self-healing of two hydrogel pieces composed of the soft, low-stiffness hydrogel as a result of the photochemically triggered self-healing of the hydrogel pieces by the light-induced transformation of the *cis*-azobenzene units to the *trans*-azobenzene units, and the crosslinking of the hydrogel by the glucosamine--boronate esters and the *trans*-azobenzene units associated with the duplex units. Bottom: images corresponding to the steps involved in the self-healing process.](c8sc04292f-f4){#fig4}

The photoresponsive hybrid hydrogel composed of the glucosamine--boronate ester supramolecular crosslinker and the *trans*-azobenzene-stabilized duplexes (**4**)/*t*-azo (**5**) was applied to develop a light-induced self-healing hydrogel matrix, [Fig. 4B](#fig4){ref-type="fig"}. The stiff hydrogel crosslinked by the glucosamine--boronate ester and the *trans*-azobenzene-stabilized duplex bridges (**4**)/*t*-azo (**5**) was cut into two pieces, and the pieces were transformed into the quasi-liquid hydrogel state stabilized by the glucosamine--boronate ester bridges only, by the light-induced isomerization of the *t*-azo (**5**) units to the *c*-azo (**5**) tethers (*λ* = 365 nm). The two quasi-liquid hydrogel pieces were combined and subjected to visible light irradiation (*λ* \> 420 nm). Transforming the *c*-azo (**5**) tethers to the *t*-azo (**5**) states activates the crosslinking of the hydrogel pieces by the two crosslinking motifs, resulting in the healed intact hydrogel, [Fig. 4B](#fig4){ref-type="fig"}. It should be noted that the gentle shaking of the physically coupled quasi-liquid hydrogel pieces, that were not illuminated by visible light, resulted in their separation in Fig. S6.[†](#fn1){ref-type="fn"}

The control over the stiffness properties of the glucosamine--boronate ester-crosslinked acrylamide hydrogel by the stimuli-responsive G-quadruplex bridging units or the photochemically triggered azobenzene crosslinking units suggests that in addition to the shape-memory and self-healing properties of the hydrogels, these soft-materials could be applied as functional matrices for controlled drug delivery.

[Fig. 5](#fig5){ref-type="fig"} shows the controlled release of the doxorubicin anti-cancer drug from the hydrogel crosslinked by the glucosamine--boronate esters and the K^+^-ion-stabilized G-quadruplex units (*cf.*[Fig. 1](#fig1){ref-type="fig"}). The doxorubicin drug was encapsulated in the hydrogel. [Fig. 5A](#fig5){ref-type="fig"}, inset, shows the fluorescence spectra of the released doxorubicin upon subjecting the doxorubicin-loaded hydrogel to reaction with 18-crown-6-ether at different time intervals. As the release process is prolonged the fluorescence of the released drug is intensified. [Fig. 5A](#fig5){ref-type="fig"}, curve (a) shows the time-dependent fluorescence changes originating from the release of doxorubicin from the crosslinked hydrogel, upon treatment with 18-crown-6-ether. Evidently, the release of the drug is fast, and after a time-interval of *ca.* 90 minutes the fluorescence of the released drug reaches saturation, implying that the release of the anti-cancer drug was completed. From the fluorescence saturation value and using an appropriate calibration curve we estimated that *ca.* 7.23 nmol of doxorubicin was released from 800 μg of the hydrogel. For comparison, [Fig. 5A](#fig5){ref-type="fig"}, curve (b) shows the time-dependent release of doxorubicin from the stiff hydrogel that was not treated with 18-crown-6-ether. Very inefficient release of doxorubicin is observed, and this release process reaches a saturation value after *ca.* 90 minutes. This release process is attributed to the leakage of doxorubicin from large-pore "defective" domains in the stiff hydrogel and suggests that no leakage proceeds from the small-pores, highly crosslinked, hydrogel matrix. [Fig. 5B](#fig5){ref-type="fig"} shows the switchable controlled release of doxorubicin from the glucosamine--boronate ester/G-quadruplex crosslinked hydrogel. Treatment of the hydrogel with the crown ether results in the hydrogel exhibiting low stiffness, resulting in the release of the drug. The subsequent treatment of the hydrogel with K^+^-ion crosslinks the hydrogel by the G-quadruplex units, resulting in the stiff hydrogel that reveals inefficient release properties. By the cyclic treatment of the hydrogel with 18-crown-6-ether and K^+^-ions the release of doxorubicin is switched between "ON" and "OFF" states, respectively.

![(A) Controlled release of doxorubicin from the glucosamine--boronate ester and K^+^-stabilized G-quadruplex crosslinked hydrogel: (a) time dependent release of doxorubicin upon treatment of the stiff glucosamine--boronate ester and K^+^-ion-stabilized hydrogel with 18-crown-6-ether. (b) Release of the doxorubicin from the stiff hydrogel in the absence of crown ether. Inset: fluorescence spectra of the released doxorubicin from the stiff hydrogel treated with crown ether at different time-intervals. (B) Switchable "ON" and "OFF" time-dependent release of doxorubicin from the glucosamine--boronate ester and K^+^-stabilized G-quadruplex crosslinked hydrogel upon its cyclic treatment with crown ether (CE) and K^+^-ions.](c8sc04292f-f5){#fig5}

In addition, the stiff photoresponsive hydrogel crosslinked by glucosamine--boronate ester complexes and the (**3**)-*t*-azo (**5**)/(**2**)--(**4**) duplexes was loaded with the doxorubicin drug and subjected to the light-induced release of the drug. The photo-induced isomerization of the *t*-azo (**5**) units to the *c*-azo (**5**), *λ* = 365 nm, results in the separation of the (**2**)--(**4**) and *c*-azo (**5**) (*cf.*[Fig. 3](#fig3){ref-type="fig"}) and the formation of the low stiffness hydrogel crosslinked by the glucosamine--boronate ester complexes. The low-stiffness, quasi-liquid hydrogel matrix allowed then the release of the encapsulated drug. [Fig. 6A](#fig6){ref-type="fig"}, inset, shows the fluorescence spectra of the released doxorubicin at different time-intervals. As the release time is prolonged the amount of the released drug is higher. [Fig. 6A](#fig6){ref-type="fig"}, curve (a), shows the time-dependent release of doxorubicin from the low-stiffness hydrogel that is crosslinked by the glucosamine--boronate ester complexes only. After a time-interval of *ca.* 200 minutes the release process reaches saturation, implying that the release of the encapsulated drug in the hydrogel was completed. Using an appropriate calibration, we estimated that *ca.* 4.4 nmol of doxorubicin was loaded per 1 mg of hydrogel. For comparison, [Fig. 6A](#fig6){ref-type="fig"}, curve (b), shows the release of doxorubicin from the stiff hydrogel crosslinked by the glucosamine--boronate ester and the (**2**)--(**4**)/(**3**)-*t*-azo (**5**) duplexes as crosslinkers. Very inefficient release of doxorubicin, that reaches saturation after *ca.* 100 minutes, is observed. This residual release of doxorubicin is attributed to the leakage of the drug from large pores that are still accompanying the stiff hydrogel. [Fig. 6B](#fig6){ref-type="fig"} shows the cyclic "ON" and "OFF" light-induced release of the drug from the hydrogel, upon photoisomerization of the azobenzene units across the *c*-azo (**5**) and *t*-azo (**5**), respectively. It should be noted that the resulting unloaded glucosamine--boronate ester/G-quadruplex (or photoresponsive (**2**)--(**4**)/(**3**)-*t*-azo (**5**) duplexes) crosslinked hydrogels could be reloaded with the drug to yield new drug-loaded matrices (for a detailed discussion and experimental results, see Fig. S7 and S8[†](#fn1){ref-type="fn"}).

![(A) Controlled release of doxorubicin from the glucosamine--boronate ester and *trans*-azobenzene stabilized duplex crosslinked hydrogel: (a) time-dependent release of doxorubicin upon the UV light-induced transition (*λ* = 365 nm) of the stiff glucosamine--boronate ester and *trans*-azobenzene stabilized duplex crosslinked hydrogel, into the low-stiffness hydrogel composed of glucosamine--boronate ester bridges only, and free *cis*-azobenzene tethers. (b) Release of the doxorubicin from the stiff hydrogel in the absence of UV light irradiation. Inset: fluorescence spectra corresponding to the released doxorubicin from the low-stiffness hydrogel crosslinked by the glucosamine--boronate ester bridges only at different time-intervals. (B) Switchable light-induced "ON" and "OFF" release of doxorubicin upon the cyclic photoisomerization of the hydrogel between the low-stiffness hydrogel crosslinked by the glucosamine--boronate ester bridges only (free *cis*-azobenzene tethers), *λ* = 365 nm (switch "ON"), and the high-stiffness hydrogel crosslinked by glucosamine--boronate ester bridges and the *trans*-azobenzene-stabilized duplexes as crosslinkers, *λ* \> 420 nm (switch "OFF").](c8sc04292f-f6){#fig6}

Conclusions
===========

The present study has expanded the area of stimuli-responsive DNA-based hydrogels by synthesizing hydrogels that are crosslinked by covalent glucosamine--boronate ester bridges and stiff stimuli-responsive DNA bridges. In one system the hydrogel was synthesized by the cooperative crosslinking of the matrix by glucosamine--boronate ester bridges and by K^+^-ion-stabilized G-quadruplex units. The dissociation of the K^+^-stabilized G-quadruplex crosslinkers in the presence of 18-crown-6-ether led to the transition of the hydrogel into a soft, quasi-liquid matrix. The reversible triggered transitions of the hydrogel between stiff and quasi-liquid states allowed the development of a chemically stimulated shape-memory hydrogel and a self-healing matrix, as well as a stimuli-responsive material for the switchable and controlled drug release. In the second system, a light-responsive stiff hydrogel was synthesized by the cooperative crosslinking of the hydrogel with the glucosamine--boronate ester bridges and *trans*-azobenzene-stabilized duplex nucleic acid crosslinkers. By the photoisomerization of the azobenzene photoactive intercalator units between the *trans* and *cis* states the nucleic acid tethers could be reversibly switched between duplex bridged and open tether configurations, respectively. This allowed the development of hydrogels undergoing light-induced transitions between stiff and quasi-liquid states. These switchable functions of the light-responsive hydrogel were used to develop shape-memory hydrogels and self-healing hydrogel matrices. In addition, the light-induced control of the stiffness of the hydrogel led to the development of a functional material for the switchable controlled release of the doxorubicin drug. The ability to control the stiffness of hydrogels by chemical or light stimuli paves the way to apply these hydrogel matrices for controlled drug delivery[@cit43] or for the preparation of "mechanical" hydrogels acting as actuators.[@cit49] At present, among the many photoisomerization compounds, only azobenzene and arylazopyrazole[@cit58] are known to interact with DNA and to control the stability of duplex nucleic acid structure. The development of new photoisomerizable switches interacting with nucleic acids (particularly switchable operating in the visible/IR regions) is a future challenge.
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